Abstract: The analysis of the simplest biped walking machine can provide much insight into dynamics and control of human gait. The problem, in the sagittal plane, consists to control the impulse force under the swing foot and the torque between the legs in order to reach a stable limit cycle. The main contribution of this paper concerns the hierarchical control based on the physiological Lambda model and a pattern generator working with intermittent data. The feedback is tuned in order to obtain oscillations at the walking frequency. Simulation results present stable limit cycle.
INTRODUCTION
The analysis of biped gait motion provide much insight into the dynamics and control of human gait. The simplest model of bipedal locomotion is the 'compass-gait'. It could walk in a dynamically stable manner (Miura and Shimoyarna, 1984) . McGeer's (1990) described one of them with semicircular feet and a point mass at the hip walking down an inclined plane The walking pattern is generated by passive interaction of gravity and inertia. Garcia et al. (1998) investigated a similar machine walking down an inclined plane, again under gravity. They demonstrated how the variation of one single parameter drives the system into bifurcation and chaotic step motions. Walking robots with more degrees of freedom have been studied. For example, Ching-Long S. et al. (1996) realized a 7 dof biped robot which is able to walk with a speed of 20cm/s. But the simplest model can give greater insight into human motion than more complex models. In this paper, the simplest walking model is considered without inclined plane. In order to recover energy lost, it must generated impulsive force under the feet, and it must applied torque between the legs The motion is confined to the sagittal plane, i.e. the system is stable in the lateral plan. The section 1 presents the mechanical model.
The control of a biped walking machine needs a trajectory generation pattern and a motor control. Qiang H. et al. (2001) experimented a method for planning walking patterns for a complicated biped robot. Tzafesta et al.(1998) presented the comparison between the control of a 5-link biped robot with computer torque control and sliding mode robust control. These papers are inspired by theories of automatic control, rather than physiological data.
An alternative approach is the Lambda model which is consistent with neurophysiological experimental data (Feldman, 1986) . This model has successfully been used to simulate voluntary movements of the arm (Levin and Dimov, 1997) and jaw motion (Laboissière et al., 1996) . The main advantage of the Lambda model is that complex control signals and system models are not required for movement (Gribble et al., 1998) . Recently, the authors have demonstrated that Lambda-model is quite appropriate for postural control simulation (Micheau et al., 2001 ). On the other hand, recent papers focus on the possibility that the cerebellum contains an internal model of the motor system (Wolpert et al., 1998) . These schemes imply complicated computations for the central nervous system to realise system inverse control. An alternative could be the 'open-loop intermittent feedback optimal control' (Ronco et al, 1998) . In this scheme, system model and past information are used to compute open-loop actions.
The main contribution of this paper is to present a control based on the Lambda model as a torque control and a pattern generator working with intermittent data. The feedback law is tuned in order to obtain oscillation at the walking frequency. The section 2 presents the law used to maintain stable limit cycle. The section 3 presents simulations.
1. MODEL
The mechanical system
The model, shown on figure 1, has a left leg rigid body and right leg of equal length L, of mass m, and central inertia I, with the leg centre of mass at midlength, L/2. The motion is confined in the sagittal plane. The index 1 refers to the swing leg. The index 2 refers to the stance leg. A concentrated mass, m e , represents the upper body mass. At this articulation centre, an internal torque T, defined as acting from swing leg to stance leg, is inserted. , the swing leg overtakes the stance leg; iv) at f t t = , the swing leg hits the ground and becomes the stance leg, and vice-versa (1↔2); a new step starts. To simplify the notation, the next step starts at the time t=0 (instead of
The dynamic model
The equation of motion is written in the form:
where [ ] The vector of gravitational external force is
The control inputs, the torque T and the impulse force 
Modelling of the ground impact
The collision between the swing foot and the ground occurs at the time t f defined by the following geometric condition :
When the swing foot hits the ground, the vertical and horizontal speeds of the swing foot is forced to zero,
, and the names of the two legs are permuted with the matrix
The angular speeds just after the collision are computed with the transition rule (Paulin, 2001):
is the speed of the swing foot. The matrix J is the Jacobian defined by
The objectives
The first objective is to reach and maintain a stable limit cycle characterised by a step length of X meters and a step duration of f t seconds.
The second objective is to control the system with the Lambda model. The figure 2 
Simplified model
In order to design the control strategy a simplified linearized model is written. The simplifications are based on the analysis by simulation of a typical human gait (Bourassa et al., 2000) .
For the swing phase, the stance leg is uncontrollable,
, and its trajectory only depends from the initial conditions:
For the swing phase, the swing leg is controllable and can be written as 
with an error of 4%.
The initial conditions
In the case of a one periodic limit cycle, the angular initial conditions after the ground collision and for 0 → ∆t must be :
The objective is to reach the collision condition (5) at the desired time f t . This leads to
According to the equation (7) ) ( ) 0 ( (9) clearly shows that
the initial impulse force is neglected and 0 → ∆t , the velocity initial conditions can be approximated by
Because the simplified linearized model of the mechanical systems was used in this section, the equations (11), (12) and (14) only give an approximation of the initial conditions.
Control of the impulse force
The impulse force F is used to reach the desired angular velocity (13). In other words, the impulse force is used to adjust the trajectory of the stance leg by controlling the initial condition,
According to equation (1) 
where 0 → ε for 0 → ∆t . In order to reach this initial angular velocity condition (13), the equation (15) 
where [X] + =0 when X<0.
Lambda Model
The fig. 3 presents the lambda model of feedback law implemented. The muscles are controlled by two variables, λ and µ, specified by the central nervous system (Feldman, 1986) . The variable λ is the static threshold of motoneuronal recruitment. The variable µ is a time-dimensional coefficient of the rate of change in the joint angle. These variables determine the dynamic threshold of motoneuronal recruitment : (14), (15) and (16) 
Tuning the lambda model
The reference signal with lambda model is usually chosen as ramp shaped. Thus, the reference signal r(t) is written as a function of initial conditions :
The linearized form of (17) is a state feedback
In order to avoid ground collision before the final time and a perfect symmetric pattern, the feedback law is used to obtain a oscillatory system. The period of oscillations are tuned to step duration. Thus, for 0 → ∆t , the feedback law (19) and the reference (18), the gains must be 
Analysis in Poincaré Section
The Poincaré section is at the start of a step, just after the ground impact and the permutation. The definition of the section is given by equation (5). It reduces the problem in 4D state space to a 3D maps f.
( )
is the state just after the ground-collision at the k th step.
A period-one gait cycle is a fixed-point, *
x , of the map defined by
A limit cycle is stable if any perturbations to the fixed-point,
will decay. For sufficiently small perturbations, the perturbations will decrease according to :
of the map f has all of its eigenvalues inside the unit circle.
SIMULATIONS
To solve the equations of the kinematics and dynamics of the robot mechanisms, the equations was implemented on Matlab/Simulink with ODE5 and T e =0.0001s. The table 1 presents the parameters used for the simulation.
The simplest walking model is configured for a step length of 26cm and a step duration of 0.3s. The initial conditions computed with the equation (11), (12) and (14) (18) and the initial angular value of the swing leg q 1 (0). The figure 4 shows the trajectory of the swing foot for a one period limit cycle. The swing foot movement starts at -25cm, lifts high enough to 0.8cm, goes forward, overtakes the stance leg at (0,0) , and lifts high to 7mm before to takeoff at +25cm. The figure 6 shows that the torque have a sinusoidal waveform of amplitude 240 Nm. From 0ms to 165ms, the torque is positive to accelerate the swing leg. From 165ms to 304ms, the torque is negative to decelerate the swing leg. The figure 7 shows the reference signal generated with the inital conditions, the angles of the swing leg and of the stance leg. The swing leg overtakes the stance leg at time 165ms. At the end of the period gait cycle (t f =0.304 s), the final values become the initial conditions, i.e. the variable names q 2 (t) and q 1 (t). are permuted. A new reference signal r(t) is computed for the future with the new initial conditions. 
q2(t)
Angle (rad) Fig. 7 . Angles q 1 (t), q 2 (t), and r(t) versus time over one step.
CONCLUSIONS
The proposed scheme generates gait pattern with intermittent data obtained after the ground collision of the swing leg. The generator computes the reference signal and the open-loop impulse force for the next step. The lambda control is capable to achieve the torque control of the swing leg. It was demonstrated that the linearized Lambda model is equivalent to an adaptable controller. The feedback loop is tuned in order to obtain oscillation at the walking frequency. The impulse force and the lambda controller are tuned in order to maintain the goal of desired step duration and step length. A symmetric gait pattern and a stable limit cycle were simulated. Future works will be to authenticate this model with experimental data.
